Arbuscular mycorrhizal fungus (AMF) species are one of the most widespread symbionts of land 14 plants. Our substantially improved reference genome assembly of a model AMF, Rhizophagus irregularis 15 DAOM-181602 (total contigs = 210), facilitated discovery of repetitive elements with unusual 16 characteristics. R. irregularis has only ten or eleven copies of complete 45S rDNAs, whereas the general 17 eukaryotic genome has tens to thousands of rDNA copies. R. irregularis rDNAs are highly heterogeneous 18 and lack a tandem repeat structure. These findings provide evidence for the hypothesis that rDNA 19 heterogeneity depends on the lack of tandem repeat structures. RNA-Seq analysis confirmed that all 20 rDNA variants are actively transcribed. Observed rDNA/rRNA polymorphisms may modulate translation 21 by using different ribosomes depending on biotic and abiotic interactions. The non-tandem repeat 22 structure and intragenomic heterogeneity of AMF rDNA/rRNA may facilitate adaptation to a various 23 environmental condition including the broad host range. 24 25 80 DAOM-181602, which allowed us to discover repetitive elements with unusual characteristics of the 81 AMF genome. We identified unusually small number of rDNA genes in the R. irregularis genome.
Introduction 26
The arbuscular mycorrhizal fungus (AMF) is an ancient fungus with origins at least as old as 27 the early Devonian period 1, 2 . AMF colonizes plant roots and develops highly branched structures 28 called arbuscules in which soil nutrients (phosphate and nitrogen) are efficiently delivered to the 29 host plant 3 . AMF forms symbiotic networks with most land plant species 4,5 , and the mycelial 143 families overlooked, Supplementary Table 7 ), indicating the advantage of using the JGI annotation 144 pipeline to discuss the gene variety in DAOM-181602 (Chen et al 2018 14 ). However, we considered 145 our model set suitable for the analysis of the repetitive region and highly paralogous genes because 146 our model is based on highly continuous assemblies, and the number of genes on repetitive regions 147 was increased to 2,349-12,559 genes from the number in JGI_2.0 ( Supplementary Table 8 ).
148
R. irregularis has one of the largest numbers of genes in fungi ( Supplementary Fig. 3 ). Our 149 ortholog analyses indicates that the gene number inflation was caused by lineage-specific expansions 150 of gene families and not by whole-genome duplications. An Orthofinder analysis of nine fungal 151 genomes and two animal data sets ( Supplementary Table 9 ) showed that many of the single-copy 152 genes in other fungi were also single copies in RIR17 (216/239 families, Supplementary Table 10) 159 irregularis has also acquired many genes by the duplication of particular gene families.
160
The motif annotation indicates that inflated genes may contribute to signaling pathways of 161 AMF species. Our Pfam search annotated 1,620 SSSC genes and 6,755 RE genes ( Fig. 1b , f,
162
Supplementary Tables 6 and 10). The most frequently observed motif was "Protein tyrosine kinase; 163 PF07714" (Fig. 1b , f, Supplementary Table 12 ), which is often found in signaling proteins in 164 multicellular organisms 40 , consistently with previous genome studies 14 . Other signal-related motifs 165 (e.g., Sel1 repeat and BED zinc finger) were also found in the inflated genes ( Fig. 1b 
167
establishments of symbiosis with pathways using sis1 and strigolactones 41 ). This inflation of 168 signaling-related genes may have led the development of a complex signaling pathway in AMF.
169
We then investigated the contribution of the transposable elements (TEs) to gene inflation 170 based on the overlapping of highly paralogous genes and the TEs. Previous studies hypothesized that 171 the gene inflation in R. irregularis relates with the expansion of TEs 14 . Our analysis showed that in 172 several RE families (e.g., OG0000090 and OG0000020), over 90% of the genes were located with 173 TEs (Fig. 1d ,e, Supplementary Table 13 ), suggesting that TEs accelerated the gene expansion in 174 these families. However, some of the families had no correspondence with TEs (e.g., "OG0000025", 175 and "OG0000058" in Fig. 1c, e ). In SSSC genes, TEs were slightly more frequently found in SSSCs 176 with motifs than in all gene sets but were less frequently found in SSSCs without motifs ( Fig. 1c ).
177
This detailed analysis supports the contribution of TEs to gene inflation in several gene families but 178 also clarified that several families show TE-independent expansion. Although more genome data for to AM symbiosis, our data provide a fundamental dataset to reveal the evolution of gene redundancy 181 in AMF species.
183 184
Losing conserved fungal genes 185 Previous AMF studies suggested the loss of several categories of genes by symbiosis with 186 plant 12,13,17 . Our RIR17 genome assembly confirmed the loss of genes involved in the degradation of 187 plant cell walls such as cellobiohydrolases (GH6 and GH7 in the CAZy database), polysaccharide 188 lyases (PL1 and PL4), proteins with cellulose-binding motif 1 (CBM1), and lytic polysaccharide 189 monooxygenases ( Supplementary Tables 6 and 14) and nutritional biosynthetic genes, including 190 fatty acid synthase (FAS) and the thiamine biosynthetic pathway ( Supplementary Table 15 ). Given The general eukaryotic genome has tens to thousands of rDNA copies 20 ( Supplementary Fig.   198 1a). However, the RIR17 genome assembly contained only ten copies of the complete 45S rDNA 199 cluster, which was composed of 18S rRNA, ITS1, 5.8S rRNA, ITS2, and 28S rDNAs ( Fig. 2a, 200 Supplementary Table 16 ). To confirm that no rDNA clusters were overlooked, we also estimated the 201 rDNA copy number based on the read depth of coverage. Mapping the Illumina reads of the genomic 202 sequences ("Rir_DNA_PE180") onto the selected reference sequences indicated that the coverage 203 depth of the consensus rDNA was 8-11 times deeper than the average coverage depth of the single-204 copy genes ( Fig. 2b , Supplementary Table 17 ), the number of rDNA copies is approximately 10, and 
208
This low copy number suggests a unique ribosome synthesis system in AMF. The rDNA copy 209 number has relevance for the efficiency of translation because multiple rDNAs are required to 210 synthesize sufficient rRNA. For instance, an experimental decrease in rDNA copy number in yeast
211
(approximately 150 rDNAs in wild type) resulted in no isolated strain having <20 copies, which is 212 considered the minimum number to allow yeast growth 30 . The doubling time of yeast with 20 rDNA 213 copies (TAK300) was 20% longer than that of the wild type 30 . In DAOM-181602, successive 214 cultivation in an infected state with a plant has been widely observed, suggesting that this 215 exceptionally small rDNA copy number is enough to support growth. The multinucleate feature of 216 AMF would increase the rDNA copy number per cell and thereby perhaps supply enough rRNA to 217 support growth. A similar trend in rDNA reduction is observed in the organellar DNA (e.g.,
218
mitochondria and plastids) 50 . Revealing the details of translation in AMF requires a future tracking 219 study of the rRNA production and degradation process in AMF. Elucidation of the mechanism to 220 produce mass rRNAs from a few rDNAs may contribute the understanding of not only AMF 221 evolution but also other polynuclear cells (e.g., striated muscle and ulvophyceaen green algae) and 222 symbiont-derived organelles.
224

R. irregularis rDNAs are heterogeneous and completely lack a TRS
Interestingly, none of the RIR17 rDNAs form a TRS, in contrast to most eukaryotic rDNAs, 226 which comprise tens to hundreds of tandemly repeated units 20 . Most of the rDNA clusters in RIR17 227 were placed on different contigs; a single copy of rDNA was found in "unitig_311", "_312", "_35", 228 "_356", "_4", and "_52", and two copies were found in "unitig_39" and "_62" (Fig. 2b, 229 Supplementary Table 16 ). In the cases where two rDNA clusters were found, the two copies resided 230 apart from each other and did not form a tandem repeat; the distances between the clusters were over 231 70 kb (76,187 bases in unitig_62 and 89,986 bases in unitig_39, Fig. 2b , Supplementary Table 16 ), 232 the internal regions contained 31 and 42 protein-coding genes, respectively, and the two clusters 233 were located on reverse strands from each other ( Fig. 2a , Supplementary Table 16 ). Since all rDNA 234 copies are located over 28 kb away from the edge of each contig ( Fig. 2a , Supplementary Table 16 ), 235 the lack of TRSs is unlikely to be an artifact derived from an assembly problem often caused by 236 highly repetitive sequences.
237
The lack of tandem rDNA structure was also supported by mapping our PacBio reads to 238 RIR17 and searching for rDNA on JGI_v2.0 assemblies. BWA-MEM 51 mapping showed multiple 239 PacBio reads across the 5' non-coding region, 48S rDNA and 3' non-coding regions of each rDNA 240 contig ( Fig. 3a , Supplementary Fig. 4 ). Because our PacBio analysis directly sequenced the DNA 241 molecules in AMF, this syntenic structure is not due to chimeric fragments from DNA amplification 242 but reflects the natural sequence. The 5' and 3' non-coding regions of each rDNA have sequences 243 that are not similar other than the highly similar 5' regions on c62-1 and c62-2 ( Fig. 3b and 244 Supplementary Fig. 4 ), negating the possibility of mapping confusion due to sequence similarity. We Table 18 ), indicating that our assembly around the rDNA genes is consistent with previous 252 assemblies.
253
We then examined polymorphism among the 45S rDNA clusters on RIR17. rDNA 254 heterogeneity has been reported in various AMF species, including DAOM-181602 13,17,25,29 .
255
However, the distribution and degree of the variation among the rDNA paralogs were unclear.
256
Pairwise comparisons of the ten rDNA copies detected 27.3 indels and 106.1 sequence variants with 257 98.18% identity on average ( Supplementary Tables 19 and 20) , whereas the sequences of rDNA 258 clusters at c311-1 and c52-1 were identical. Polymorphisms were distributed unevenly throughout 259 the rDNA; percent identities were 99.91% in 18S rDNA, 97.93% in 28S rDNA, 96.65% in 5.8S 260 rDNA, 93.45% in ITS1, and 90.28% in ITS2 ( Fig. 4 , Supplementary Tables 19 and 20 
285
These observations support our hypothesis that rDNA heterogeneity in AMF is related to their lack 286 of TRSs. AMF species may not amplify their rDNA by the general eukaryotic rDNA amplification 287 system (USCR), which may increase their rDNA heterogeneity.
288
On the other hand, our phylogenetic analysis suggests that AMF has a system to maintain 289 weak similarity among the paralogs without TRSs. Previously observed rDNA heterogeneity in 290 Glomerales suggests that concerted evolution was relaxed before the diversification of Rhizophagus 291 species 25,29 . When the observed ten rDNAs duplicated before speciation and evolved independently, 292 each of the duplicated genes formed a clade with orthologs in other species. However, we found no 293 orthologous rDNA genes from other Rhizophagus species (Fig. 5 ). Our tree suggests that the 294 observed rDNAs in R. irregularis either expanded or were assimilated after speciation. One 295 hypothetical mechanism that would cause this similarity is homologous recombination via 296 "synthesis-dependent strand annealing" ( Supplementary Fig. 6 ) 56 .This conserved system to repair 297 double-strand breaks (DSBs) results in non-crossover recombination and gene conversion wherein 298 nonreciprocal genetic transfer occurs between two homologous sequences ( Supplementary Fig. 6 ).
299
Decreases in divergence by gene conversion are widely observed in duplicated genes. RIR17 300 showed that two rDNA pairs on the same contigs (c39-1 and c39-2, c62-1 and c62-2) had higher 301 similarity than other paralogs (Fig. 4c ). This similarity may be caused by the high gene conversion 302 rate between these loci.
303
Our model raises a new question about the mechanism that maintains the number of rDNAs (Table 3) , and 323 multiple reads were matched to the specific region of each paralog, indicating that the ten rDNA copies are transcriptionally active. In general, eukaryotes silence a part of the rDNA copies 58 , and 325 some eukaryotes change the transcribed rRNA sequences by "RNA editing" 59 . These editing and 326 silencing processes were not detected in the AMF, and the rRNA were as polymorphic as the rDNA.
327
These results show that DAOM-181602 has multiple types of ribosomes, each containing different 328 rRNAs. Additionally, we detected highly duplicated ribosomal protein genes (e.g., ribosomal protein 329 S17/S11) ( Supplementary Tables 6 and 21 ) and tRNA genes, indicating unknown amino acid 330 isotypes, which may also account for the heterogeneity of ribosomes ( Supplementary Table 22 ).
331
The evolutionary significance of the of non-tandemly repeated heterogeneous rDNAs is 332 unclear. One of the probable factors is a reduction in the need to maintain numerous rDNAs in a 333 genome. As described in the above sections, the AMF rDNA copy number suggests a system that 334 efficiently produces rRNA from a few rDNAs, and the inverted repeats structure of rDNAs and 335 asexual spore reproduction will also reduce the deletion rate of rDNAs. AMF may thus no longer 336 need to rapidly amplify rDNA copies using TRSs, and the slowed replacement rate of rDNA may 337 then cause the heterogeneity as a side effect. Another possibly significant effect is the enhancement 338 of phenotypic plasticity by ribosomal heterogeneity (Fig. 6 ). Recent studies have started to reveal 339 that various eukaryotes (e.g., yeast, mice, and Arabidopsis) produce heterogeneous ribosomes and 340 subsequently alter phenotypes via proteins translated by particular ribosomes 60 . Accelerated 341 accumulation of AMF rDNA mutations by the lack of TRSs may lead to functional variety in 342 produced ribosomes and increases in the rate of adaptation by different translation activities within 343 the same species. Although the functional effects of observed rDNA mutations remain to be 344 determined, the middle area of our 28S rDNA (4,450-4,500 bases on c62-1) had a higher mutation 345 rate than ITS regions (Fig. 4a) 
387
A total sequence of 11.7 Gb in 955,841 reads (76× coverage of the genome, assuming a genome size 388 of 154 Mb) was obtained from 29 SMRT cells (Supplementary Table 2 ). The N50 length of the raw 389 reads was 13,107 bases. 569 Supplementary Table 12 ). 
632
Evolutionary model for the lack of TRSs in AMF and its sequence heterogeneity. The various environmental 633 conditions (e.g., various host species) may lead to the evolution of phenotypic plasticity via multiple types of 634 ribosomes in AMF. If the rDNA is exposed to disruptive selection, rDNA duplication by TRSs and USCR may be 635 nonadaptive because the duplication of particular rDNA types reduces the variety of rDNA types. Sexual 636 reproduction, combined with crossover recombination, may also be limited to inhibit the reduction of mutated rDNA. 
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